We present an update of the branching ratios for Higgs-boson decays in the Standard Model. We list results for all relevant branching ratios together with corresponding uncertainties resulting from input parameters and missing higher-order corrections. As sources of parametric uncertainties we include the masses of the charm, bottom, and top quarks as well as the QCD coupling constant. We compare our results with other predictions in the literature. 
I. INTRODUCTION
One of the main goals of the LHC is the identification of the mechanism of electroweak symmetry breaking. The most frequently investigated model is the Higgs mechanism within the Standard Model (SM) [1] [2] [3] [4] [5] with the mass of the Higgs boson, M H , being the only unknown parameter of the SM relevant for the Higgs sector. All theoretical and experimental results can be expressed as a function of M H . The LEP experiments searched for the SM Higgs boson, excluding Higgs-boson masses below 114.4 GeV [6] at the 95% C.L., while the Tevatron established an exclusion region of 156 GeV ≤ M H ≤ 177 GeV [7] . Recently also first results on the Higgs searches at the LHC have been published by ATLAS [8] and CMS [9] .
1 For a correct interpretation of the experimental data precise calculations of the various production cross sections and the relevant decay widths and branching ratios are necessary, including an accurate estimate of the respective uncertainties. To coordinate these calculations for the Higgs boson searches at the LHC the LHC Higgs Cross Section Working Group was established [11] . First results on the cross section and branching ratio (BR) calculations for the SM Higgs boson (as well as for Higgs bosons of the Minimal Supersymmetric Standard Model) were recently published [12] .
In this paper we present an update of the BR calculation as well as results for the uncertainties of the decay widths and BRs for a SM Higgs boson. Neglecting these uncertainties would yield in the case of negative search results too large excluded regions of the parameter space. In case of a Higgs boson signal these uncertainties are crucial to perform a reliable and accurate determination of M H and the Higgs-boson couplings [13] [14] [15] . (At a future linear e + e − collider the Higgs couplings can be measured accurately in a model-independent way [16, 17] so that the quark masses involved in the Yukawa couplings will be extracted with much higher precision than using QCD sum rules within the J/ψ and Υ systems.) The uncertainties arise from two sources, the missing higher-order corrections yield the "theoretical" uncertainties, while the experimental errors on the SM input parameters, such as the quark masses or the strong coupling constant, give rise to the "parametric" uncertainties. Both types of uncertainties have to be taken into account and combined for a reliable estimate. We investigate all relevant channels for the SM Higgs boson, H → tt, H → bb, H → cc, H → τ + τ − , H → µ + µ − , H → gg, H → γγ, H → Zγ, H → WW and H → ZZ (including detailed results also for the various four-fermion final states). We present results for the total width, Γ H , as well as for various BRs.
The paper is organized as follows. In Section II we briefly review the codes and calculations employed in our analysis. The input parameters are summarized in Section III. We describe in detail how the various uncertainties are obtained in Section IV, where we also give details about their combination to obtain the overall uncertainties. In Section V we present our main results, the uncertainty estimates for the various decay channels (where detailed tables can be found at the end of the paper). A brief discussion of the differences to earlier analyses of the uncertainties is given in Section VI. Our conclusions can be found in Section VII.
II. PROGRAMS AND STRATEGY FOR BRANCHING RATIO CALCULATIONS
The branching ratios of the Higgs boson in the SM have been determined using the programs HDECAY [18] [19] [20] and Prophecy4f [21] [22] [23] . In a first step, all partial widths have been calculated as accurately as possible. Then the branching ratios have been derived from this full set of partial widths. Since the widths are calculated for on-shell Higgs bosons, the results have to be used with care for a heavy Higgs boson (M H > ∼ 500 GeV).
• HDECAY calculates the decay widths and branching ratios of the Higgs boson(s) in the SM and the MSSM. For the SM it includes all kinematically allowed channels and all relevant higher-order QCD corrections to decays into quark pairs and into gluons. More details are given below.
• Prophecy4f is a Monte Carlo event generator for H → WW/ZZ → 4f (leptonic, semi-leptonic, and hadronic) final states. It provides the leading-order (LO) and next-to-leading-order (NLO) partial widths for any possible 4-fermion final state. It includes the complete NLO QCD and electroweak corrections and all interferences at LO and NLO. In other words, it takes into account both the corrections to the decays into intermediate WW and ZZ states as well as their interference for final states that allow for both. The dominant two-loop contributions in the heavy-Higgs-mass limit proportional to G 2 µ M 4 H are included according to Refs. [24, 25] . Since the calculation is consistently performed with off-shell gauge bosons without any on-shell approximation, it is valid above, near, and below the gauge-boson pair thresholds. Like all other light quarks and leptons, bottom quarks are treated as massless. Using the LO/NLO gauge-boson widths in the LO/NLO calculation ensures that the effective branching ratios of the W and Z bosons obtained by summing over all decay channels add up to one.
• Electroweak next-to-leading order (NLO) corrections to the decays H → γγ and H → gg have been calculated in Refs. [26] [27] [28] [29] [30] [31] [32] . They are implemented in HDECAY in form of grids based on the calculations of Ref. [31, 32] .
The results presented below have been obtained as follows. The Higgs total width resulting from HDECAY has been modified according to the prescription 
III. THE SM INPUT-PARAMETER SET
The production cross sections and decay branching ratios of the Higgs bosons depend on a large number of SM parameters. For the following calculations, the input parameter set has been defined within the LHC Higgs Cross Section Working Group 2 and the chosen values are listed in Table I . The gauge-boson masses given in Table I are the pole masses derived from the PDG values M Z = 91.1876 GeV, Γ Z = 2.4952 GeV, M W = 80.398 GeV, Γ W = 2.141 GeV and the gauge-boson widths in Table I are calculated at NLO from the other input parameters.
It should be noted that for our numerical analysis we have used the one-loop pole masses for the charm and bottom quarks and their uncertainties, since these values do not exhibit a significant dependence on the value of the strong coupling constant α s in contrast to the MS masses [33] .
IV. PROCEDURE FOR DETERMINING UNCERTAINTIES
We included two types of uncertainties, parametric uncertainties (PU), which originate from uncertainties in input parameters, and theoretical uncertainties (TU), which arise from unknown contributions to the theoretical predictions, typically missing higher orders. Here we describe the way these uncertainties have been determined.
A. Parametric uncertainties
In order to determine the parametric uncertainties of the Higgs-decay branching ratios we took into account the uncertainties of the input parameters α s , m c , m b , and m t . The considered variation of these input parameters is given in Table II . The variation in α s corresponds to three times the error given in Refs. [34, 35] . The uncertainties for m b and m c are a compromise between the errors of Ref. [35] and the errors from the most precise evaluations [36] [37] [38] . For m c our error corresponds roughly to the one obtained in Ref. [39] . Finally, the assumed error for m t is about twice the error from the most recent combination of CDF and DØ [40] . We did not consider parametric uncertainties resulting from experimental errors on G F , M Z , M W and the lepton masses, because their impact is below one per mille. We also did not include uncertainties for the light quarks u, d, s as the corresponding branching ratios are very small and the impact on other branching ratios is negligible. Since we used G F to fix the electromagnetic coupling α(M Z ), uncertainties in the hadronic vacuum polarisation do not matter.
Given the uncertainties in the parameters, the parametric uncertainties have been determined as follows. 
where Γ denotes the partial decay width for each considered decay channel or the total width, respectively. The total parametric errors have been derived by adding the individual parametric errors in quadrature.
B. Theoretical uncertainties
The second type of uncertainties for the Higgs branching ratios results from approximations in the theoretical calculations, the dominant effects being due to missing higher orders. Since the decay widths have been calculated with HDECAY and Prophecy4f the missing contributions in these codes are relevant. For QCD corrections the uncertainties have been estimated by the scale dependence of the widths resulting from a variation of the scale up and down by a factor 2 or from the size of known omitted corrections. For electroweak corrections the missing higher orders have been estimated based on the known structure and size of the NLO corrections. For cases where HDECAY takes into account the known NLO corrections only approximatively the accuracy of these approximations has been used. The estimated relative theoretical uncertainties for the partial widths resulting from missing higher-order corrections are summarized in Table III . The corresponding uncertainty for the total width is obtained by adding the uncertainties for the partial widths linearly.
Specifically, the uncertainties of the partial widths calculated with HDECAY are obtained as follows: For the decays H → bb, cc, HDECAY includes the complete massless QCD corrections up to and including NNNNLO, with a corresponding scale dependence of about 0.1% [41] [42] [43] [44] [45] [46] [47] [48] . The NLO electroweak corrections [49] [50] [51] [52] are included in the approximation for small Higgs masses [53] which has an accuracy of about 1−2% for M H < 135 GeV. The same applies to the electroweak corrections to H → τ + τ − . For Higgs decays into top quarks HDECAY includes the complete NLO QCD corrections [54] [55] [56] [57] [58] [59] [60] interpolated to the large-Higgs-mass results at NNNNLO far above the threshold [41] [42] [43] [44] [45] [46] [47] [48] . The corresponding scale dependence is below 5%. Only the NLO electroweak corrections due to Partial Width QCD Electroweak Total the self-interaction of the Higgs boson are included, and the neglected electroweak corrections amount to about 2−5% for M H < 500 GeV, where 5% refers to the region near the tt threshold and 2% to Higgs masses far above. For M H > 500 GeV higher-order heavy-Higgs corrections [61] [62] [63] [64] [65] [66] dominate the error, resulting in an uncertainty of about 0.1 × (M H /1 TeV) 4 for M H > 500 GeV. For H → gg, HDECAY uses the NLO [67] [68] [69] , NNLO [70] , and NNNLO [71] QCD corrections in the limit of heavy top quarks. The uncertainty from the scale dependence at NNNLO is about 3%. The NLO electroweak corrections are included via an interpolation based on a grid from Ref. [32] ; the uncertainty from missing higher-order electroweak corrections is estimated to be 1%. For the decay H → γγ, HDECAY includes the full NLO QCD corrections [69, [72] [73] [74] [75] [76] [77] and a grid from Ref. [31, 32] for the NLO electroweak corrections. Missing higher orders are estimated to be below 1%. The contribution of the H → γe + e − decay via virtual photon conversion, evaluated in Ref. [78] is not taken into account in the following results. Its correct treatment and its inclusion in HDECAY are in progress. 3 The partial decay width H → Zγ is included in HDECAYat LO including the virtual W , top, bottom and τ loop contributions. The QCD corrections are small in the intermediate Higgs mass range [79] and can thus safely be neglected. The associated theoretical uncertainty ranges at the level below one per cent. The electroweak corrections to this decay mode are unknown and thus imply a theoretical uncertainty of about 5% in the intermediate Higgs mass range.
The decays H → WW/ZZ → 4f are based on Prophecy4f, which includes the complete NLO QCD and electroweak corrections with all interferences and leading two-loop heavy-Higgs corrections. For small Higgs-boson masses the missing higher-order corrections are estimated to roughly 0.5%. For M H > 500 GeV higher-order heavy-Higgs corrections dominate the error leading to an uncertainty of about 0.17 × (M H /1 TeV) 4 . Based on the error estimates for the partial widths in Table III , the theoretical uncertainties for the branching ratios are determined as follows. For the partial widths H → bb, cc, τ + τ − , gg, γγ the total uncertainty given in Table III is used. For H → tt and H → WW/ZZ → 4f, the total uncertainty is used for M H < 500 GeV, while for higher Higgs masses the QCD and electroweak uncertainties are added linearly. Then the shifts of all branching ratios are calculated resulting from the scaling of an individual partial width by the corresponding relative error (since each branching ratio depends on all partial widths, scaling a single partial width modifies all branching ratios). This is done by scaling each partial width separately while fixing all others to their central values, resulting in individual theoretical uncertainties of each branching ratio. However, since the errors for all H → WW/ZZ → 4f decays are correlated for M H > 500 GeV or small below, we only consider the simultaneous scaling of all 4-fermion partial widths. The thus obtained individual theoretical uncertainties for the branching ratios are combined linearly to obtain the total theoretical uncertainties.
Finally, the total uncertainties are obtained by adding linearly the total parametric uncertainties and the total theoretical uncertainties. 
V. RESULTS
In this Section the results of the SM Higgs branching ratios, calculated according to the procedure described above, are shown and discussed. Figure 1 shows the SM Higgs branching ratios in the low mass range, 100 GeV ≤ M H ≤ 200 GeV as solid lines. The (coloured) bands around the lines show the respective uncertainties, estimated considering both the theoretical and the parametric uncertainty sources (as discussed in Section IV). The same results, but now for the "full" mass range, 100 GeV ≤ M H ≤ 1000 GeV, are shown in Figure 2 . More detailed results on the decays H → WW and H → ZZ with the subsequent decay to 4f are presented in Figures 3 and 4. The largest "visible" uncertainties can are found for the channels H → τ + τ − , H → gg, H → cc and H → tt, see below. Tables VI-XV, which can be found at the end of the paper, show the branching ratios for the Higgs two-body fermionic and bosonic final states, together with their total uncertainties, estimated as discussed in Section IV. 4 represents Tables XI-XV also contain the total Higgs width Γ H in the last column. More detailed results for four representative Higgs-boson masses are given in Table IV . Here we show the BR, the PU separately for the four parameters as given in Table II , the total PU, the theoretical uncertainty TU as well as the total uncertainty on the Higgs branching ratios. The TU are most relevant for the H → gg, H → Zγ and H → tt branching ratios, reaching O(10%). For the H → bb, H → cc and H → τ + τ − branching ratios they remain below a few percent. PU are relevant mostly for the H → cc and H → gg branching ratios, reaching up to O(10%) and O(5%), respectively. They are mainly induced by the parametric uncertainties in α s and m c . The PU resulting from m b affect the BR(H → bb) at the level of 3%, and the PU from m t influences in particular the BR(H → tt) near the tt threshold. For the H → γγ channel the total uncertainty can reach up to about 5% in the relevant mass range. Both TU and PU on the important channels H → ZZ and H → WW remain at the level of 1% over the full mass range, giving rise to a total uncertainty below 3% for M H > 135 GeV.
Finally , Tables XVI-XX and Tables XXI-XXV, to be found at the end of the paper, list the branching ratios for the most relevant Higgs decays into four-fermion final states. The right column in these Tables shows the total relative uncertainties on these branching ratios in percentage. These are practically equal for all the H → 4f branching ratios and the same as those for H → WW/ZZ. It should be noted that the charge-conjugate state is not included for H → lνqq.
We would like to remark that, when possible, the branching ratios for Higgs into four fermions, explicitly calculated and listed in Tables XVI-XX, should be preferred to the option of calculating
where V = W, Z. The formula (5) is based on narrow Higgs-width approximation and supposes the W and Z gauge bosons to be on shell and thus neglects, in particular, all interferences between different four-fermion final states. This approximation is generally not accurate enough for Higgs masses below and near the WW/ZZ threshold. A study of the ratio of (5) over the Prophecy4f prediction is reported and discussed in Ref.
[80].
VI. COMPARISON WITH PREVIOUS CALCULATIONS
The results presented in the previous sections can be compared to other estimates of the SM Higgs-boson BR uncertainties. An early evaluation can be found in Ref. [81] , where basically the same method has been applied to the parametric uncertainties as the one used here, see Section IV.
5 Differences in the size of the uncertainties exist due to the improved experimental determinations in the quark masses. At the same time as Ref. [81] another work [82] appeared which studied the parametric uncertainties of the SM Higgs branching ratios, too. However, their treatment of the running MS bottom and charm quark masses is not consistent with the extractions of their values from QCD sum rules.
Very recently an analysis of the uncertainties in the SM Higgs-boson BR calculations was published in Ref. [83] . [83] . An uncertainty due to the top mass was not included in Ref. [83] .
That analysis differs from ours in various ways. Most importantly, Ref. [83] uses the PDG errors of m b and m c relative to their two-loop MS value, which exhibits a significant sensitivity to α s . In our analysis, on the other hand we used the 1-loop pole masses of the charm and bottom quarks which develop only a small dependence on the strong coupling α s [33] . Moreover, we adopted smaller uncertainties, as discussed in Section IV, which are considered more realistic than the PDG values. We furthermore included the parametric uncertainty on m t , which is relevant for large values of M H . The values and uncertainties used in the two analyses are summarized in Tab. V. Theory errors due to missing higher-order corrections, see Section IV, are included in our error analysis, but have been neglected in Ref. [83] . Owing to the larger set of uncertainties included, the analysis shown in Section V should be considered as more complete than the one presented in Ref. [83] . The largest numerical differences between the uncertainties presented in Section V and in Ref. [83] originate from the different values of the quark-mass uncertainties, as shown in Table V . A direct comparison shows that the (more appropriate) choice taken here, even taking into account the additional sources of uncertainties, leads to a reduction of the total uncertainty in BR(H → bb) by up to a factor of 3. For the channel BR(H → WW) a reduction of up to a factor of 4 can be observed. The BR(H → cc) uncertainties are effectively lowered by a factor of 2, while for BR(H → gg) the central values differ and slightly larger uncertainties are observed. 7 Especially the substantially reduced uncertainty in BR(H → WW) is crucial for the correct interpretation of Tevatron and LHC Higgs search data around M H = 2M W [7] [8] [9] [10] . The substantially smaller uncertainty in BR(H → bb) will be important for the accurate interpretation of the LHC Higgs search data for M H ≤ 135 GeV.
VII. SUMMARY AND CONCLUSION
For the Higgs searches of the experimental collaborations at the LHC and Tevatron precise predictions of the cross sections and decay branching ratios are required. In this note we have presented updated numbers for the total Higgs-boson decay width and all experimentally relevant branching ratios. We have supplemented the predictions by uncertainties, which have been estimated based on missing higher orders in the theoretical calculations and from experimental uncertainties in the input parameters. Specifically we took variations of the masses of the charm, bottom and top quarks, as well as in the strong coupling constant into account. Uncertainties of other parameters are irrelevant. As most of the error sources are systematic or theoretical, the uncertainties should be considered as conservative upper bounds rather than Gaussian errors. Including an accurate estimate of these uncertainties is crucial for a correct interpretation of LHC (and Tevatron) Higgs-boson searches.
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